Introduction {#S1}
============

Medullary thyroid carcinoma (MTC) is a type of neuroendocrine tumor that originates from thyroid parafollicular C cells. It is also the third most common thyroid cancer, making up 3% of all cases of thyroid tumors \[[@ref1], [@ref2]\]. Current approaches to treat MTC rely mainly on surgical removal \[[@ref3]\], the outcome of which makes the 10-year survival rate of the patients 95%. Treatments for late-stage MTC are proved to be comparatively ineffective \[[@ref4], [@ref5]\] with a remarkable drop in the 10-year survival rate to around 55%, especially for the MTC patients with distant metastases. It would hence be useful to explore the underlying mechanisms for MTC progression and metastasis in order to develop new therapeutic methods.

MiRNAs are a family of small non-coding RNAs consisting of approximately 22 nucleotides. They bind the 3′ untranslated region (3′UTR) of target mRNAs at the seeding regions, subsequently leading to the degradation or silencing of the target mRNAs \[[@ref6], [@ref7]\]. It is generally believed that abnormal expression of miRNAs is involved in the initiation, development and metastasis of various tumors: Li *et al*. reported that miR-34a repressed the metastasis of hepatocellular carcinoma *in vitro* \[[@ref8]\]; Ye *et al*. demonstrated that miR-139 restricted the development of papillary thyroid carcinoma *in vitro* \[[@ref9]\]; Cheng *et al*. showed that miR-150 suppressed the growth, migration and invasion of papillary thyroid carcinoma cells \[[@ref10]\].

Recent studies reported that miR-376c-3p exhibited protective behaviors against various tumors. For example, Zhang *et al*. reported that miR-376c-3p reduced colorectal cancer cell viability and induced apoptosis \[[@ref11]\]; Chang *et al*. reported that down-regulation of miR-376c-3p stimulated lymph node metastasis in head and neck squamous cell carcinoma (HNSCC) \[[@ref12]\]; Wang *et al*. demonstrated that miR-376c-3p downregulation promoted the cancer phenotype of oral squamous cancer cells *in vitro* \[[@ref13]\]. However, the effects of miR-376c-3p on the growth and metastasis of MTC have not been fully understood.

In the present study, the comprehensive effects of miR-376c-3p regarding the proliferation, migration and invasion of the human MTC cell line MZ-CRC-1 was examined using the Cell Counting Kit-8 (CCK-8), soft agar colony formation, wound healing and transwell assay. Dual luciferase reporter assay validated that miR-376c-3p bound 3′UTR of heparin-binding EGF-like growth factor (HBEGF). It was also found that the expression of miR-376c-3p was inversely proportional to that of HBEGF in MTC cells. A possible molecular mechanism for miR-376c-3p protection against MTC was also proposed. In conclusion, miR-376c-3p showed suppressive effects on MZ-CRC-1 cells via targeting HBEGF and further inhibiting proliferation, migration and invasion of MTC.

Material and methods {#S2}
====================

Cell culture {#S2_1}
------------

The MZ-CRC-1 cell line, one of the mutant cell lines rearranged during transfection (RET), was acquired from the Cancer Research Institute of Beijing (China). Cells were maintained in high-glucose DMEM medium (Life Technologies, Shanghai, China) supplemented with 10% FBS (Gibco, Grand Island, NY) and penicillin-streptomycin (Invitrogen) at 37°C within a humidified atmosphere containing 5% CO~2~.

MiRNAs and transfection {#S2_2}
-----------------------

MiR-376c-3p mimic, miR-376c-3p inhibitor and corresponding negative controls (NC mimic or NC inhibitor) were designed and synthesized by GenePharma (Shanghai, China). Cell transfection was performed with Lip2000 (Invitrogen Life Technologies, Shanghai, China).

CCK-8 assay {#S2_3}
-----------

CCK-8 assay was performed following procedures that have been previously described \[[@ref14]\]. Transfected MZ-CRC-1 cells (2,000 cells per well) were seeded into 24-well plates and incubated for 0, 24, 48 or 72 h. CCK-8 (Dojindo, Shanghai, China) was added into each well and incubated for 3 h, after which the absorbance was read at a wavelength of 450 nm.

Soft agar colony formation assay {#S2_4}
--------------------------------

MZ-CRC-1 cells (1000) were suspended in 0.35% agar gel containing 2% FBS and then transferred to 0.6% agar gel containing 2% FBS in 6-well plates. After 3 weeks, cells were fixed with formaldehyde and dyed with crystal violet. The colonies were then counted.

Wound healing assay {#S2_5}
-------------------

Cells were incubated in 6-well plates for 24 h and then wounded with a 200-µl pipette tip. The wounded cells were incubated for another 24 h and the cell migration images were captured and the wound width was examined afterwards.

Transwell assay {#S2_6}
---------------

Transfected cells were collected and suspended in serum-free medium and were then transferred into the upper chamber precoated with Matrigel. Medium containing 10% FBS was added into the lower chamber. After 48 h, cells remaining in the upper chamber were removed and those that had passed through the membrane were fixed with paraformaldehyde and dyed with 0.1% crystal violet. The stained cells were photographed and counted under an inverted microscope.

Dual luciferase reporter assay {#S2_7}
------------------------------

HBEGF 3′UTR that possessed the putative miR-376c-3p binding sequences was synthesized and inserted into pGL4 (Promega, Madison, WI, USA) to construct the wild-type plasmid (HBEGF 3′UTR-WT). The mutant HBEGF 3′UTR possessing the mutant putative binding sites of miR-376c-3p was amplified to generate the mutant report plasmid (HBEGF 3′UTR-Mut). MZ-CRC-1 cells were co-transfected with miR-376c-3p mimic or NC mimic and HBEGF 3′UTR-WT or HBEGF 3′UTR-Mut. Luciferase reporter assay was performed after 48 h of incubation using the dual luciferase assay system (Promega, USA).

Quantitative PCR (qPCR) {#S2_8}
-----------------------

Total RNA was extracted from the MTC cells and was then reverse transcribed using a cDNA reverse transcription kit (Takara, Beijing, China). Bestar real time PCR Master Mix (TaKaRa, Dalian, China) was used to examine the abundances of miR-376c-3p and HBEGF mRNA. QPCR reactions were carried out using an ABI7500 System (Applied Biosystems, USA). Relative mRNA levels of miR-376c-3p and HBEGF were calculated using the 2^--ΔΔ*ct*^ method. Primer sequences are listed below:

HBEGF-fwd: 5′-CTGTCTTCGGTCTGCCTCCTT-3′,

HBEGF-rev: 5′-AGACCGAAGACAGC ACCAC-3′,

miR-376c-3p-RT: 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGTGG-3′,

miR-376c-3p-fwd: 5′-ACACTCCAGCTGGGAACATAGAGGAAATT-3′,

miR-376c-3p-rev: 5′-GTGCAGGGTCCGAGGT-3′,

Western blot {#S2_9}
------------

Western blot was performed following procedures that have been previously described \[[@ref15]\]. Primary polyclonal antibodies targeting E-cadherin, ZO-1, N-cadherin, vimentin and HBEGF were bought from Abcam. Cells were lysed and precipitated by centrifugation, followed by the extraction and separation of proteins. The extracted proteins were transferred onto PVDF membranes (Pharmacia Corporation, NJ, USA) and blocked. Membranes were then probed with primary polyclonal antibodies. Primary antibodies that bound the target proteins were analyzed using the corresponding secondary antibodies (1 : 500; Promega).

Statistical analysis {#S2_10}
--------------------

Data collected from three independent experiments were processed using SPSS 12.0 software and reported as mean ± SEM. Values of *p* \< 0.05 were considered to be statistically significant.

Results {#S3}
=======

MiR-376c-3p overexpression inhibited MTC cell proliferation {#S3_1}
-----------------------------------------------------------

MZ-CRC-1 cells were transfected with miR-376c-3p mimic or miR-376c-3p inhibitor. MTC cells transfected with the miR-376c-3p mimic showed a higher expression level of miR-376c-3p mRNA than those transfected with the NC mimic (*p* \< 0.001) ([Figure 1](#F1){ref-type="fig"} A). In contrast, cells transfected with the miR-376c-3p inhibitor showed a lower expression level of miR-376c-3p mRNA, compared to those transfected with the NC inhibitor (*p* \< 0.01) ([Figure 1](#F1){ref-type="fig"} A).

![Effect of miR-376c-3p overexpression on MTC cell proliferation. MZ-CRC-1 cells transfected with miR-376c-3p mimic or miR-376c-3p inhibitor. A -- Expression level of MiR-376c-3p was analyzed with qPCR. B, C -- The proliferation of MTC cells was examined using CCK-8 (B) and soft agar colony formation assay (C)\
*\*p \< 0.05, \*\*p \< 0.01 and \*\*\*p \< 0.001 compared to the NC mimic group. \#p \< 0.05 and \#\#p \< 0.01 compared to the NC inhibitor group*.](AMS-16-36720-g001){#F1}

CCK-8 assay results ([Figure 1](#F1){ref-type="fig"} B) showed decreased OD values of the miR-376c-3p mimic group compared with the NC mimic group at the time points of 24 (*p* \< 0.05), 48 (*p* \< 0.001) and 72 h (*p* \< 0.001), whereas increased OD values were observed in the miR-376c-3p inhibitor group compared with the NC inhibitor group at the 48^th^ (*p* \< 0.05) and 72^nd^ h (*p* \< 0.01). In addition, miR-376c-3p mimic reduced colony formation of MTC cells to 20% compared with the NC mimic (*p* \< 0.01) ([Figure 1](#F1){ref-type="fig"} C), while the miR-376c-3p inhibitor significantly induced the colony formation of MTC cells compared with the NC inhibitor (*p* \< 0.05) ([Figure 1](#F1){ref-type="fig"} C).

MiR-376c-3p overexpression inhibited migration and invasion of MTC cells {#S3_2}
------------------------------------------------------------------------

Results of the wound healing assay showed that the migratory ability of MZ-CRC-1 cells of the miR-376c-3p mimic group was dramatically limited compared to that of cells of the NC mimic group (*p* \< 0.01) ([Figure 2](#F2){ref-type="fig"} A). In contrast, miR-376c-3p inhibitor enhanced the migratory ability of MTC cells (*p* \< 0.05) ([Figure 2](#F2){ref-type="fig"} A). The transwell assay showed that the miR-376c-3p mimic significantly inhibited MTC cell invasion, whereas miR-376c-3p inhibitor promoted it (*p* \< 0.05) ([Figure 2](#F2){ref-type="fig"} B). Additionally, MZ-CRC-1 cells exhibited a change in epithelial morphology when miR-376c-3p was upregulated, whereas downregulation of miR-376c-3p promoted the cell invasion phenotype ([Figure 2](#F2){ref-type="fig"} C).

![Effect of miR-376c-3p overexpression on MTC cell migration and invasion. A -- Representative images and quantification of the wound healing assay of MTC cells transfected with miR-376c-3p mimic or miR-376c-3p inhibitor. B -- Representative images and quantification of invaded cells using the transwell assay. C -- Representative micrographs of aforementioned cell. D -- Expression levels of E-cadherin, ZO-1, N-cadherin and vimentin were examined using the western blot. GAPDH was used as the internal control\
*\*p \< 0.05 and \*\*p \< 0.01 compared to NC mimic group. \#p \< 0.05 and \#\#p \< 0.01 compared to NC inhibitor group*.](AMS-16-36720-g002){#F2}

Next, expression level of epithelial-mesenchymal transition (EMT) markers (including E-cadherin, ZO-1, N-cadherin and vimentin) was examined. MiR-376c-3p overexpression inhibited expression of N-cadherin (*p* \< 0.05) and vimentin (*p* \< 0.01) but induced expression of E-cadherin (*p* \< 0.01) and ZO-1 (*p* \< 0.01) in MZ-CRC-1 cells ([Figure 2](#F2){ref-type="fig"} D). In contrast, reduced expression of miR-376c-3p dramatically upregulated expression of N-cadherin (*p* \< 0.05) and vimentin (*p* \< 0.01) but inhibited expression of E-cadherin (*p* \< 0.01) and ZO-1 (*p* \< 0.01) in MTC cells in comparison with the NC inhibitor group ([Figure 2](#F2){ref-type="fig"} D).

HBEGF was a direct target of miR-376c-3p {#S3_3}
----------------------------------------

HBEGF was found to be a potential target of miR-376c-3p ([Figure 3](#F3){ref-type="fig"} A) using the TargetScan prediction tool ([www.targetscan.org](http://www.targetscan.org)). MiR-376c-3p mimic dramatically inhibited the luciferase activity of the wild-type HBEGF 3′UTR by 59.46% in comparison with that of the NC mimic (*p* \< 0.01), while miR-376c-3p overexpression exhibited little luciferase activity of mutant HBEGF 3′UTR, suggesting the interruption of the interaction between miR-376c-3p and HBEGF ([Figure 3](#F3){ref-type="fig"} B). Further analysis found that miR-376c-3p mimic reduced the expression level of mRNA (*p* \< 0.05) ([Figure 3](#F3){ref-type="fig"} C), and protein (*p* \< 0.01) ([Figure 3](#F3){ref-type="fig"} D), of HBEGF in MZ-CRC-1 cells, compared to the NC mimic. In contrast, MTC cells transfected with the miR-376c-3p inhibitor showed higher mRNA (*p* \< 0.05) ([Figure 3](#F3){ref-type="fig"} C) and protein (*p* \< 0.05) ([Figure 3](#F3){ref-type="fig"} D) level of HBEGF than those transfected with NC inhibitor. The results suggested that expression of miR-376c-3p was inversely correlated with that of HBEGF in MZ-CRC-1 cells.

![Verification of miR-376c-3p target gene. A -- Schematic diagram of miR-376c-3p binding sites of HBEGF 3′UTR. B -- The luciferase activity of the plasmid containing wild-type or mutant HBEGF 3′UTR was analyzed in MZCRC- 1 cells transfected with NC mimic or miR-376c-3p mimic. C, D -- HBEGF mRNA and protein abundance in MTC cells transfected with the miR-376c-3p mimic or miR-376c-3p inhibitor was analyzed using qPCR (C) and western blot (D), respectively\
*\*p \< 0.05 and \*\*p \< 0.01 compared to the NC mimic group. \#p \< 0.05 compared to the NC inhibitor group*.](AMS-16-36720-g003){#F3}

HBEGF overexpression blocked the anti-tumor roles of miR-376c-3p in MTC cells {#S3_4}
-----------------------------------------------------------------------------

MZ-CRC-1 cells were transfected with NC mimic, miR-376c-3p mimic or miR-376c-3p mimic along with the HBEGF overexpression plasmid. MiR-376c-3p mimic inhibited HBEGF expression (*p* \< 0.05) ([Figure 4](#F4){ref-type="fig"} A), while co-transfection with HBEGF-overexpression plasmid completely annihilated the inhibition by upregulating miR-376c-3p (*p* \< 0.05) ([Figure 4](#F4){ref-type="fig"} A). The results of CCK-8 assay showed that HBEGF overexpression nullified the inhibitory effect on MTC cell proliferation caused by miR-376c-3p mimic in a time-dependent manner (*p* \< 0.05, *p* \< 0.01 and *p* \< 0.01 for 24 h, 48 h and 72 h after transfection, respectively) ([Figure 4](#F4){ref-type="fig"} B). [Figure 4](#F4){ref-type="fig"} C confirmed that miR-376c-3p overexpression inhibited the colony formation of MTC cells (*p* \< 0.01), while HBEGF overexpression annihilated the inhibitory effects on MTC cell proliferation (*p* \< 0.01).

![Effects of HBEGF overexpression on proliferation, migration and invasion of MTC cells. MTC cells were transfected with miR-376c-3p mimic or miR-376c-3p mimic plus HBEGF overexpression plasmid. A -- HBEGF protein level in indicated cells was analyzed by western blotting. B, C -- Proliferation of MZ-CRC-1 cells was determined via CCK-8 (B) and soft agar colony formation analysis (C). D, E -- Migration and invasion of MTC cells were determined using wound healing (D) and transwell (E) assay, respectively\
*\*p \< 0.05 and \*\*p \< 0.01 compared to the NC mimic group. \#p \< 0.05 and \#\#p \< 0.01 compared to the miR-376c-3p mimic group*.](AMS-16-36720-g004){#F4}

On the other hand, the wound healing assay demonstrated that miR-376c-3p mimic reduced the migratory ability of MTC cells to \~20%, compared with the NC mimic (*p* \< 0.01) ([Figure 4](#F4){ref-type="fig"} D); HBEGF overexpression cancelled out such an effect (*p* \< 0.05) ([Figure 4](#F4){ref-type="fig"} D). The transwell assay confirmed that HBEGF overexpression removed the miR-376c-3p-induced inhibition of the invasion of MTC cells (*p* \< 0.05) ([Figure 4](#F4){ref-type="fig"} E).

MiR-376c-3p regulated EMT by targeting HBEGF {#S3_5}
--------------------------------------------

The relationship between EMT and tumor dissemination has been well studied \[[@ref16], [@ref17]\]. MZ-CRC-1 cells of the miR-376c-3p mimic group showed weaker invasion ability. Cells transfected with the miR-376c-3p mimic plus HBEGF overexpression plasmid displayed an elongated and spindle-like shape ([Figure 5](#F5){ref-type="fig"} A). Western blot results demonstrated that miR-376c-3p mimic downregulated N-cadherin (*p* \< 0.01) and vimentin (*p* \< 0.01) but upregulated E-cadherin (*p* \< 0.001) and ZO-1 (*p* \< 0.01) in MTC cells ([Figure 5](#F5){ref-type="fig"} B). However, the effects were then annihilated upon HBEGF overexpression (*p* \< 0.01) ([Figure 5](#F5){ref-type="fig"} B).

![Effect of miR-376c-3p on the EMT of MTC cells was modulated by HBEGF. A -- Representative images of indicated cells. B -- Western blot analysis of protein levels of E-cadherin, ZO-1, N-cadherin and vimentin. GAPDH was used as the internal control\
*\*p \< 0.05 and \*\*p \< 0.01 compared to the NC mimic group. \#p \< 0.05 and \#\#p \< 0.01 compared to the miR-376c-3p mimic group*.](AMS-16-36720-g005){#F5}

Discussion {#S4}
==========

Lymph node metastasis occurred in 70% patients diagnosed with MTC and distant metastasis in 10% \[[@ref18]--[@ref20]\]. Although some clinical therapies, such as surgery and radiation therapy, have been used for treating MTC, regional recurrence or distant metastasis remain the main challenge of currently available MTC therapies. It is generally believed that 75% of MTCs occur as sporadic and 25% as hereditary type, which is also known as multiple endocrine neoplasia 2 (MEN2) \[[@ref13]\]. Most MEN2 syndrome cases and about half of sporadic MTCs are caused by RET mutations \[[@ref2], [@ref9]\]. The MZ-CRC-1 cells with mutation of *RET^M918T^* were hence used for our study.

Multiple miRNAs were dysregulated in MTC and were closely correlated with progression, metastasis and invasion of MTC. Galuppini *et al*. found that expression of miR-375 was proportional to the size of the neoplasm \[[@ref18]\]. Spitschak *et al*. recently demonstrated that miR182 was crucial to the manifestation of aggressiveness of MTC \[[@ref2]\]. Hudson *et al*. showed that the upregulation of miR-375 and miR-10a was associated with the development of MTC \[[@ref21]\].

MiR-376c-3p is often down-regulated in various tumors, such as colorectal cancer \[[@ref11]\], HNSCC \[[@ref12]\] and oral squamous cancer \[[@ref13]\], exhibiting cancer-protective effects. In this study it was found that miR-376c-3p overexpression exhibited tumor inhibitory effects, as shown by significant suppression of the proliferation, migration and invasion of MZ-CRC-1 cells. In contrast, downregulating miR-376c-3p through miRNA inhibitor regained tumor promoting activities, with remarkable promotion of the proliferation and aggressiveness of MTC cells.

It is generally accepted that miRNA may function as a tumor suppressor in various tumors via regulating the expression of its target genes \[[@ref22]\]. Recently, two direct targets of miR-376c-3p, HOXB7 in oral squamous cancer \[[@ref13]\] and LINC00152 in colorectal cancer \[[@ref11]\], have been identified. In this study, bioinformatics analysis showed that there were potential miR-376c-3p binding sites within the HBEGF 3′UTR. Luciferase activity assay results demonstrated that miR-376c-3p mimic suppressed the luciferase activity of wild-type HBEGF 3′UTR, suggesting that HBEGF was a direct downstream target of miR-376c-3p in MTC cells. Furthermore, HBEGF expression was significantly downregulated in MTC cells in the miR-376c-3p mimic group, indicating that miR-376c-3p could negatively regulate the expression of HBEGF in MTC cells.

HBEGF has been proved to be critical in tumorigenesis, progression and metastasis of different solid tumors \[[@ref23]--[@ref25]\]. Previous studies showed that HBEGF was up-regulated in thyroid cancer \[[@ref26]\] and promoted the invasion and metastasis of thyroid cancer cells \[[@ref26], [@ref27]\]. It was hence speculated that miR-376c-3p might inhibit MTC by downregulating HBEGF. To our delight, the *in vitro* results showed that HBEGF overexpression annihilated the anti- tumor effects of miR-376c-3p mimic transfection on the MTC cells, as shown by the significant increase in the growth, migration and invasion of the MTC cells.

The EMT is known to be involved in tumor invasion and metastasis \[[@ref28], [@ref29]\]. It is also a key pathologic pathway for the development of MTC \[[@ref30]\]. Previous studies showed that decrease in expression of epithelial markers (E-cadherin, ZO-1) and increase in expression of mesenchymal markers (N-cadherin, vimentin) induced mesenchymal phenotype and subsequently stimulated migration and metastasis of tumor cells \[[@ref31]--[@ref33]\]. It has also been reported that HBEGF upregulation promoted the EMT ability of various cancers, such as lung cancer \[[@ref34]\], ovarian cancer \[[@ref35]\] and pancreatic carcinoma \[[@ref36]\]. In order to gain a deeper insight into the molecular mechanisms underlying the anti-metastasis role of miR-376c-3p, expression of EMT markers in MTC cells was hence examined. The results showed that miR-376c-3p mimic inhibited EMT phenotype by inhibiting the expression of N-cadherin and vimentin and by upregulating that of E-cadherin and ZO-1. HBEGF overexpression significantly increased expression N-cadherin and vimentin but downregulated E-cadherin and ZO-1, thus stimulating the EMT in MTC cells -- the consequence of which was consistent with that caused by the miR-376c-3p inhibitor. The results suggested that miR-376c-3p negatively regulated HBEGF expression, modulated the expression of EMT markers and exhibited anti-metastasis effects on MTC cells.

In conclusion, our study demonstrated that the downregulation of miR-376c-3p and upregulation of HBEGF in MZ-CRC-1 cells were closely related to the development and metastasis of MTC. MiR-376c-3p functioned as a tumor suppressor in MTC cells by directly binding and negatively modulating HBEGF. These findings suggested that miR-376c-3p and HBEGF could be used as potential therapeutic targets for the treatment of MTC.

Our current study suggested that miR-376c-3p directly bound to HBEGF 3′UTR and downregulated HBEGF, which subsequently suppressed the growth, migration and invasion of MZ-CRC-1 cells.
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